Background and objectives A direct association between low triiodothyronine (T3) syndrome and cardiovascular (CV) mortality has been reported in hemodialysis patients. However, the implications of this syndrome in peritoneal dialysis (PD) patients have not been properly investigated. This study examined the association between low T3 syndrome and CV mortality including sudden death in a large cohort of incident PD patients.
Introduction
CKD is a frequent cause of alterations in thyroid hormones without any underlying intrinsic thyroid disorder known as the syndrome of nonthyroidal illness. The most common alteration is low triiodothyronine (T3) syndrome, which is characterized by low total T3 and free T3 with normal or slightly decreased thyroidstimulating hormone (TSH) and thyroxine (T4) concentration (1, 2) . The underlying mechanism of this derangement is explained by multifactorial causes including central hypothyroidism, reduction in the hormone binding capacity, modified entry of thyroid hormone into tissue, modified expression of iodothyronine deiodinases, and changes in thyroid hormone receptor expression or function (3) . CKD affects both the hypothalamus-pituitary-thyroid axis and thyroid hormone peripheral metabolism (4) . According to a recent study, low levels of T3 were highly prevalent in patients with CKD, even early in the disease course, and were positively related to eGFR independent of age and serum albumin (5) . Several studies have demonstrated that low T3 syndrome is associated with nutritional status, inflammation, and cardiomyopathy (6) (7) (8) as well as aortic stiffness in dialysis patients (9, 10) . In addition, a direct association between low T3 syndrome and all-cause and cardiovascular (CV) mortality has been reported in patients with CKD (11) and hemodialysis (HD) patients (8, 12, 13) .
However, the significance of low T3 syndrome in peritoneal dialysis (PD) patients is poorly studied, even though PD patients frequently display low T3 levels as well (14) . Only one small, short-term study of prevalent PD patients suggested the association between low T3 syndrome and all-cause mortality, but not CV outcomes (15) . Because risk factors for CV outcome in PD patients do not coincide with those in HD patients, it is needed to confirm the effects of low T3 syndrome on long-term CV outcome in a large cohort of PD patients.
Sudden death is the largest cause of cardiac mortality in dialysis patients by comparison with myocardial infarction (MI) in the general population. Indeed, when taken as a single cause, sudden death accounts for onequarter of all dialysis patients' deaths (16) . Left ventricular hypertrophy (LVH), left ventricular systolic dysfunction, and aortic stiffness are known to be risk factors for sudden death (16) (17) (18) , and are also significantly associated with low T3 syndrome (7, 9, 10) in dialysis patients. Considerable evidence has raised the possibility that low T3 syndrome may be a predisposing factor for sudden death, but the relationship between the two has not yet been determined in PD patients.
To address this existing gap in knowledge, we examined the association between low T3 syndrome and long-term CV mortality including sudden death in a large cohort of incident PD patients.
Materials and Methods

Study Patients
We considered all 620 patients who started PD at National Health Insurance Service Ilsan Hospital between January 2000 and December 2009. All patients underwent urea kinetic studies including residual renal function (RRF) within 3 months of PD initiation. We excluded 49 patients that had ,6 months of follow-up due to death or transfer to another modality after the initiation of PD, 31 patients that had been on HD or received a kidney transplant before the initiation of PD, 41 patients with insufficient baseline data, and 23 patients with previous intrinsic thyroid disease such as hypothyroidism, hyperthyroidism, or thyroiditis. We also excluded 27 overt hypothyroid patients and two hyperthyroid patients in the baseline thyroid function test. Finally, 173 patients were excluded and a total of 447 incident patients were included for analysis ( Figure 1 ). No patient was receiving drugs altering thyroid function such as lithium, amiodarone, or propranolol. Patients were treated with three or four 2-liter exchanges per day using standard dialysates containing glucose. Dialysis prescription aimed at obtaining a total Kt/V urea of at least 1.7 per week. There were 392 patients treated with various antihypertensive drugs (374 were treated with calcium channel blockers, 178 with b-blockers, 360 with angiotensin-converting enzyme inhibitors or angiotensin type 1 antagonists, and 84 with a-blockers). The patients were followed for 7-142 months until December 2011, with a median follow-up time of 46 months. The study was carried out in accordance with the Declaration of Helsinki and was approved by the Institutional Review Board of Ilsan Hospital Clinical Trial Center. We obtained informed written consent from all participants involved in our study.
Data Collection and Laboratory Measurements
Demographic and clinical data were collected at the beginning of PD. Previous CV events were defined as electrocardiography-documented angina and MI, stroke, cerebral hemorrhage, heart failure, arrhythmias, or peripheral vascular disease.
Laboratory data obtained at the time of dialysis adequacy measurement within 3 months of PD initiation were considered baseline values. Adequacy of PD was determined by measurement of Kt/V, and RRF was estimated by the average renal clearance of urea and creatinine. For evaluation of nutritional status, dietary protein intake was estimated from the normalized protein catabolic rate (nPCR) and lean body mass was estimated by creatinine kinetics (LBM Cr ). Hemoglobin, lipids, albumin, calcium, phosphorus, and C-reactive protein (CRP) were measured. Serum T3 (59-150 ng/dl), free T4 (0.89-1.76 ng/dl), and TSH (0.31-5.31 mIU/L) were determined by chemiluminescent immunoassay (Centaur XP; Siemens Healthcare Diagnostics Inc, Tarrytown, NY).
Outcomes Assessment
The primary outcome parameters were all-cause and causespecific mortality. Patients were censored at transplantation or when completing the follow-up period. Within the follow-up periods, 162 patients died and 35 patients underwent transplantation. Combined CV death, sudden death, and infection-related death were considered as separate outcomes of cause-specific mortality. Combined CV deaths included cardiac death from coronary artery disease (MI or angina), congestive heart failure (CHF), and pulmonary edema, death from cerebrovascular disease (ischemic stroke or cerebral hemorrhage) or peripheral vascular disease, and sudden death. Sudden death was defined as an unexpected out-of-hospital death occurring within 1 hour of onset of symptoms (16) . Deaths during sleep and unwitnessed deaths occurring at home were considered sudden deaths.
Covariate Selection
Multiple confounding factors previously reported to be associated with CV outcomes and mortality in patients with ESRD were considered as covariates (19) . Demographic and clinical factors analyzed include age, sex, previous CV events, comorbidities including Charlson comorbidity index, and diabetic status. Dialysis-related factors included Kt/V, LBM Cr, nPCR, and RRF. Laboratory values included hemoglobin, albumin, bicarbonate, CRP, calcium, and phosphorus.
Statistical Analyses
Baseline demographics and laboratory test results were described as the mean6SD, median and interquartile range, or frequency distribution for categorical variables. The Shapiro-Wilk test was used to determine the normality of the distribution of parameters.
Patients were divided into three groups based on tertiles of T3 levels. Statistical significance of differences between groups was tested using one-way ANOVA for continuous variables and the chi-squared test for categorical variables. The relationships between serum T3 and continuous variables were examined by Pearson's correlation coefficient, and categorical variables were examined using Spearman's R test. Multiple linear regression analysis was performed to identify the determinants of T3 levels. We selected baseline variables with P,0.10 in univariate analysis for inclusion in multivariate regression models, which we built with a stepwise selection procedure after forcing in age and sex.
The survival rate was compared among groups based on serum T3 tertile using the Kaplan-Meier method and the log-rank test. In the patient survival analysis, data for patients transferred to renal transplantation or HD or lost to follow-up were censored. We investigated the relationship between T3 and all-cause and cause-specific mortality using Cox proportional hazards regression. Under conditions of competing risk, traditional Cox regression models can overestimate results; therefore, corresponding competing risk methods using those of Fine and Gray were also performed (20). The results are expressed as hazard ratios (HRs) and 95% confidence intervals (95% CIs). Statistical analyses were performed using SPSS for Windows (version 13.0; SPSS Inc., Chicago, IL) and the R software package (version 3.0.2). The level of significance was set at 0.05 for all tests.
Results
Clinical and Biochemical Data in Study Patients According to T3 Tertiles Table 1 details clinical and biochemical characteristics of 447 patients categorized by tertiles of T3 level. The mean age was 58 years (range, 22-85 years), 54.3% of patients were men, and patients were on PD for a median duration of 46 months (range, 7-142 months). The prevalence of diabetes and previous CV events was 50.2% and 30.7%, respectively. The mean T3 level was 97.6627.2 ng/dl (median, 97 ng/dl; interquartile range, 83-115 ng/dl). Figure 2 shows the scatter plot of T3 values in study patients. Patients with a lower T3 level were significantly older and more likely to have diabetes or previous CV events. Hemoglobin, albumin, RRF, nPCR, and LBM Cr were significantly lower at the lower T3 level, whereas the CRP level was significantly higher at the lower T3 level ( Table  1) . The correlations between T3 and several variables were statistically significant but the strength of the correlation was not very strong, with r coefficients ranging from 0.15 to 0.29 (Table 1) . Multivariate linear regression analysis revealed that previous CV events (b=28.95 ng/dl if previous CV events; P=0.01), hemoglobin (b=2.87 ng/dl per g/dl; P=0.04), and RRF (b=0.88 ng/dl per ml/min per 1.73 m 2 ; P=0.03) were independently associated with serum T3 level after adjusting for age, sex, diabetic status, albumin, CRP, LBM Cr , and nPCR.
Association of T3 and Long-Term Outcome
During the follow-up period, 162 deaths were recorded. CV disease (102 deaths, 63.0%) was the most common cause of death in this study, followed by infection (51 deaths, 31.5%) and other causes (nine deaths, 5.6%). There were 42 sudden deaths, which is 25.9% of total mortality and 41.2% of CV mortality. A Kaplan-Meier plot showed the stepwise increase in risks of all-cause, combined CV, and sudden death from the third (highest) to the first (lowest) tertile of T3 level (Figure 3) .
The unadjusted and adjusted associations of T3 levels with all-cause mortality and cause-specific mortality in Cox proportional hazards models are shown in Table 2 along with their 95% CIs and P values. In the unadjusted Cox proportional hazards models, per 10-unit increases in T3 levels were associated with lower risk of all-cause death by 23.4% (P,0.001). After adjusting for demographic risk factors, nutritional markers (albumin, nPCR, and LBM Cr ), an inflammation marker (log-transformed CRP), and RRF, per 10-unit increases in T3 levels were independently associated with the lower risk of all-cause death by 14.0% (P=0.002).
In the multivariable analysis, the higher T3 was associated with a significantly lower risk of combined CV death (per 10-unit increase, adjusted HR, 0.84; 95% CI, 0.75 to 0.98; P=0.01) and sudden death (per 10-unit increase, adjusted HR, 0.69; 95% CI, 0.56 to 0.86; P=0.001) after adjusting for age, sex, diabetes, Charlson comorbidity index, previous CV events, albumin, LBM Cr , logtransformed CRP, and RRF. However, neither free T4 nor TSH nor the interaction between T3 and free T4 was associated with survival or CV outcome (data not shown).
Association of T3 with Specific Cause of Death Using Competing Risk Analyses
To overcome the shortcomings of conventional Cox models that can overestimate the cumulative mortality probabilities for each of the separate causes of death, we also conducted competing risk analysis (Table 3 ). In the multivariable analysis, a higher T3 level was associated with a significantly lower risk of sudden death (per 10-unit increase, adjusted HR, 0.71; 95% CI, 0.56 to 0.90; P=0.01). However, there was no significant association of T3 levels with other CV death or infectious death when applying competing risk methods.
There was also no significant association of the interaction between T3 and free T4 with the different outcomes in competing risk analysis (data not shown). 
Discussion
This study clearly demonstrated that T3 levels at the initiation of dialysis were significantly associated with allcause and CV mortality, including sudden death in PD patients. Although these findings are in accordance with previously published research (7, 12, 13, 15) , this is the first investigation to demonstrate that T3, assessed at baseline, was associated with risk of sudden death in dialysis patients during long-term follow-up. The significant association of low T3 syndrome with sudden death in this study is particularly meaningful because this result was consistent after adjustment for demographic risk factors, previous cardiovascular disease history, and inflammation and nutritional factors. The finding was also robust even when accounting for competing risks from other CV or infectious cause of death. Our findings extend from those described by Meuwese et al., which demonstrated that low T3 syndrome predicts survival and CV deaths in prevalent HD patients when assessed in a time-varying manner, and also when assessed at baseline (13) . However, in that study, sudden death was included in CV death; thus, the association of low T3 syndrome with sudden death could not be specified.
Interestingly, the significant association of low T3 syndrome with other CV death disappeared when accounting for competing risks from sudden death or infectious death. In the competing risk analysis, the competing risk is not handled as a censoring event such as in the conventional Cox models, and cumulative survival probability is lowered by competing events. Therefore, the competing risk method could be more appropriate to yield unbiased estimates of the cumulative probabilities for cause-specific mortality. Considering the different results between the two models, we cautiously supposed that low T3 might be more related to heart disease, rather than other CV disease including cerebrovascular disease or peripheral vascular disease.
T3 is particularly important for control of myocardial contractility, vascular tone, and myocardial cell growth because myocytes cannot convert T4 into T3 (21) . A significant decrease in serum T3 was observed in patients with CHF, and T3 replacement therapy produces favorable effects in these patients (22) . Animal studies have shown that treatment with T3 significantly improves cardiac function, with normalization of some, but not all, of the changes in gene expression in the acute MI model (23). Therefore, low T3 might not only be a prognostic marker, but may also be directly implicated in the development and aggravation of cardiac disease in dialysis patients.
Despite the high risk for sudden death in the dialysis population, there have been very few prospective studies about risk factors associated with sudden death. Unlike the Figure 3 . | In Kaplan-Meyer survival curves, patients with the lowest tertile were significantly associated with higher risk of all-cause and CV mortality including sudden death. Kaplan-Meier plots for all-cause mortality (P,0.001) (A), combined cardiovascular death (P=0.001) (B), and sudden death (P,0.001) (C) according to tertiles of T3. T3, triiodothyronine. general population, coronary artery disease and CHF are not the major risk factors in dialysis patients (16) . In prevalent HD patients, LVH was associated with sudden death (17, 18) ; in another study of PD patients, systolic dysfunction was the most significant predictor followed by a high systolic BP (24) . These results might explain the association of low T3 syndrome with sudden death considering that low T3 was associated with left ventricular dysfunction and LVH in a previous study (7) . Low T3 syndrome was also associated with an increase in the occurrence of ventricular late potentials and in the risk of ventricular tachyarrhythmia, which contribute to sudden death (25) . In prevalent PD patients, RRF was associated with sudden death (26). Szeto et al. showed that anuric PD patients had a higher rate of CV death compared with those with RRF, and the difference was largely caused by higher prevalence of sudden death in anuric patients. The difference in the distribution of cause of death was particularly prominent in patients without preexisting cardiovascular disease and could not be explained by the longer duration of dialysis or dialysis adequacy or nutritional status in anuric patients (26) . In PD patients, RRF is the most important predictor of outcome and is significantly associated with inflammation, anemia, malnutrition, LVH, volume overload, hypertension, and CV disease, and interacts with these factors to increase CV mortality (27, 28) . Similar evidence is now emerging in HD patients (29) . Considering the vital association of RRF with outcomes in PD patients, it is meaningful that the T3 level had an independent negative association with RRF in our study. These findings should be considered in light of certain limitations. First, this is an observational study and we cannot infer a causal relationship between low T3 and outcomes. Second, the inclusion of only incident PD patients may have led to a selection bias, which could limit the generalizability of our results and render our results not applicable to prevalent PD and HD patients. Third, we could not examine cardiac function directly, which makes it difficult to elucidate the pathogenesis of low T3 syndrome on CV outcome in our study. This study also has several strengths. The data come from a relatively large cohort of incident PD patients with several years of follow-up, providing a data set with which to examine the long-term association of baseline low T3 with specific causes of mortality and the association of T3 level with RRF. The more rapid decrease of RRF in HD compared with PD patients is likely responsible for the poor data regarding the effect of RRF on low T3 syndrome in HD patients. In addition, the data were analyzed by the careful scrutiny of all deaths for accurate determination of cause. In summary, the T3 level at the initiation of PD was a strong independent predictor of long-term CV mortality, particularly sudden death, even after adjusting for well known risk factors. Given the findings from this report relating low T3 syndrome to CV outcomes, nephrologists need to be attuned to thyroid dysfunction as a prognostic marker of CV outcome including sudden death at the initiation of dialysis in patients with CKD. In addition, the observed independent associations between T3 and RRF, as well as data showing the association of both factors with CV outcome, indicate the need for studies that examine the effects of preserving RRF on T3 changes and outcomes in dialysis patients. 
